Abstract
Introduction

V(D)J recombination plays crucial roles in the activation and
Protein products of two recombination activating genes, diversification of both Ig and TCR genes (1) . Joining occurs RAG1 and RAG2 (21, 22) , were found to cleave RSS DNA between two sets of recombination signals, heptamer in vitro at the coding border with the heptamer (23). The RAG-(CACAGTG) and nonamer (ACAAAAACC) (2, 3) : one set is mediated RSS cleavage contains two successive steps: (i) separated by a 12 bp spacer and the other by a 23 bp nicking at the 5Ј-end of the heptamer sequence, and (ii) spacer (4) (5) (6) . This is the so-called 12/23 bp spacer rule for attacking the phosphodiester bond in the other strand, V(D)J recombination (7) . V(D)J recombination consists of resulting in a hairpin structure at the coding end and a blunt two processes: recombination signal sequences (RSS)-cut on the 7mer end (24). It has been assumed that the dependent cleavage mediated by recombination activating heptamer sequence plays a crucial role in the cleavage gene (RAG) proteins, and ligation of two cleaved ends by the reaction, while the nonamer sequence is important for the DNA repair mechanism. The former process includes specific binding with RAG proteins (25) . A Hin homeodomain of RAG1 recognition of the two RSS by RAG proteins, synaptic complex has been reported to be essential in the nonamer binding formation obeying the 12/23 rule and site-specific double-(26,27), and its mode of interaction is quite similar to that of the strand breakage of RSS DNA (8, 9) . The latter process is Hin-hix interaction in the Salmonella phase variation (28,29). known to be mediated by the DNA repair mechanism involving
The RAG-mediated cleavage of two RSS obeying the 12/ DNA-dependent protein kinase (DNA-PK) (10) (11) (12) , Ku70 23 rule was seen with crude cell lysate of B cell lines (30); (13, 14) , Ku80 (15, 16) , XRCC4 (17, 18) and DNA ligase IV (19, 20) .
however, the 12/23 rule was not followed strictly in the reaction with RAG1 and RAG2 proteins alone (31). DNA-bending ACTGTCTGGGTGTACAAAAACCGTCGACCTCGAGGGGGG-GCC, CTCCTGAGCGGCCGCAAGCTT and GGCCCCCCCproteins such as HMG1 have been reported to enhance the in vitro reactions of transposons (32,33) and the coordinated TCGAGGTCGACGGTTTTTGTCACCCAGACAGTGGAGTAC-TACCACTGTGAAGCTTGCGGCCGCTCAGGA) were 5Ј-V(D)J joining (34, 35) . HMG1 has been shown to be important for binding of the 23-RSS (34). HMG1 is a member of the highphosphorylated and annealed. Labeled 12-RSS was the same as the substrate used in the modification-interference assay. mobility group proteins which are non-histone chromosomal components (36) . This protein was first identified as a EMSA cruciform-DNA binding protein (37) and is also known as a DNA-bending protein (38) . RAG1, RAG2 and HMG1 together [ 32 P]DNA (0.02 pmol; 1ϫ10 5 c.p.m.) was incubated with 100 are thought to be sufficient for the coordinated cleavage of ng of RAG1 and RAG2 proteins at 37°C for 10 min in 10 µl two RSS satisfying the 12/23 rule (39, 40, 41) , at least in the of binding buffer containing 0-80 ng of HMG1, 25 mM MOPSin vitro reaction.
KOH (pH 7.0), 5 mM HEPES-KOH (pH 8.0), 2 mM Tris-HCl In the present study, we report that when the HMG1 protein (pH 7.6), 90 mM potassium acetate (pH 7.0), 30 mM KCl, 10 is not present, the 23-RSS is nicked by RAG proteins at a mM MgCl 2 , 10% DMSO, 2.4 mM DTT, 4% glycerol, 1 mM cryptic site within the spacer, 12 ϩ 7 nucleotides away from carrier oligonucleotide (25mer; ACTGGAGTTAGTTGAAGCAthe 9mer. No nick is found at the border of the 7mer in the TTAGGT) and 100 µg/ml BSA. The sample in 5 µl of the dye absence of HMG1. Addition of HMG1 to the 23-RSS-RAG mix (10% glycerol, 0.6 mM EDTA, 0.006% xylene cyanol complex caused the shift of the nicking site from the cryptic and 0.006% bromophenol blue) was loaded on a 3.5% site to the 7mer coding border, indicating a structural alteration polyacrylamide gel (acrylamide:bisacrylamide 19:1) conof the 23-RSS-RAG complex. Methylation-and uraciltaining 89 mM Tris-borate (pH 8.3). interference assays further support the shift of interaction from the cryptic 7mer to the correct 7mer region.
Nicking assay
The 3Ј-end-labeled DNA (0.02 pmol, 1ϫ10 5 c.p.m.) was incubated with 100 ng of RAG1 and RAG2 proteins at 37°C Methods for 90 min in 10 µl of reaction buffer containing 0-80 ng of HMG1, 25 mM HEPES-KOH (pH 7.0), 30 mM potassium Proteins glutamate (pH 7.0), 30 mM KCl, 1 mM MgCl 2 , 2.2 mM DTT, Truncated versions of RAG1 and RAG2 fused with the maltose-2 mM Tris-HCl (pH 7.6) and 100 µg/ml BSA. In some binding protein were prepared as described previously (23). experiments 1 mM MnCl 2 was used instead of MgCl 2 . The Recombinant murine rag genes were expressed in the sample was precipitated and rinsed with ethanol, added with Spodoptera frugiperda cell line Sf.9 using baculovirus vectors dye mix (90% formamide, 1 mM EDTA, 0.01% xylene cyanol (42) . RAG proteins were purified with Ni-nitrilotriacetic acid and 0.01% bromophenol blue), heated at 95°C for 5 min, and (Qiagen, Hilden, Germany) and amylose resin columns (New loaded on an 8% polyacrylamide gel containing 89 mM TrisEngland Biolabs, Beverly, MA).
borate (pH 8.3), 2 mM EDTA and 7 M urea. HMG1 protein was purified from porcine thymi as described (43) . Nuclear extracts were prepared from 200 g of the tissue.
Modification-interference assay Non-histone nuclear proteins were isolated with 0.35 M NaCl,
The methylation-interference assay was performed as dialyzed against 10 mM Tris-HCl (pH 7.8) and passed through described (29), except that preparative EMSA was scaled up a chromatofocusing column. HMG1 was eluted with a linear to 3-to 5-fold and DNA was purified by reversed-phase gradient of 0-1.2 M NaCl in 10 mM Tris-HCl (pH 7.8). HMG1 column chromatography (Elutip-d; Schleicher & Schuell, fractions Ͼ90% purity were pooled and dialyzed against 10 Dassel, Germany). Uracil-interference assay was carried out mM Tris-HCl (pH 7.6).
as described (44) . Substrates were prepared by PCR, substiSubstrates tuting thymine residues with dUTP. Amplified fragments were purified with the QIAEX II gel extraction kit (Qiagen), cleaved Wild-type 12-and 23-RSS sequences were CACAGTGwith restriction enzymes and filled-in with Klenow fragment. CTCCAGGGCTGAACAAAAACC (Vκ21c) and CACAGTGThe rest of the procedure was the same as in the methylation-GTAGTACTCCACTGTCTGGGTGTACAAAAACC (Jκ1) for the interference assay, except that deuracilation with uracil-Ntop strand respectively. As described previously (29), chemicglycosylase (Perkin Elmer, Branchburg, NJ) was carried out ally synthesized RSS were subcloned into plasmid vectors, after purification with reversed-phase column chromatopKI13 (29) and pBluescript, which were used for nicking and graphy. modification-interference assays, respectively. For the nicking assay, EcoO109I-SfaNI cleaved fragment was recovered Double-strand break assay and labeled with DNA polymerase I Klenow fragment (New England BioLabs) at the EcoO109I site. For the electrophoretic The 3Ј end-labeled DNA (0.02 pmol, 1ϫ10 5 c.p.m.) was mixed with 100 ng of RAG1 and RAG2 at 37°C for 90 min in mobility shift assay (EMSA) and modification-interference assay, KpnI-NotI fragment or EcoO109I-SacII fragment was the presence of cold partner RSS (0.05 pmol) in 10 µl of buffer containing 0 or 40 ng of HMG1, 25 mM MOPS-KOH recovered and labeled with Klenow fragment at the NotI or EcoO109I site for the bottom and top strand respectively.
(pH 7.0), 30 mM potassium acetate (pH 7.0), 30 mM KCl, 10 mM MgCl 2 , 2.4 mM DTT and 100 µg/ml BSA. The sample For a double-strand break assay with a pre-nicked 23-RSS substrate, three oligonucleotides (CACAGTGGTAGTACTCCwas precipitated and rinsed with ethanol, added with dye mix, and loaded on an 8% polyacrylamide gel containing 89 mM Tris-borate (pH 8.3) and 2 mM EDTA.
Results
HMG1 is required for correct nicking of 23-RSS
In order to study a possible role of HMG1 in the in vitro V(D)J joining, we have analyzed the reaction products of 12-and 23-RSS with the RAG1-RAG2 complex and increasing amounts of the HMG1 protein. RSS DNA was labeled at the 3Ј-end of the top strand. The Vκ21c 12-RSS substrate was nicked correctly 12 ϩ 7 nucleotides from the 9mer, regardless of HMG1 (Fig. 1A) . In contrast, the Jκ1 23-RSS substrate was not nicked at the expected site, 23 ϩ 7 nucleotides from the 9mer, in the absence of HMG1. It was instead nicked at a cryptic site, 12 ϩ 7 nucleotides from the 9mer (Fig. 1B) .
Under the Mg 2ϩ condition,~1% of the input DNA was nicked at the cryptic site without HMG1. In order to know how far the reaction can proceed, the 23-RSS was then labeled at the 5Ј-end of the top strand for the detection of the hairpin structure. Double-strand cleavage was hardly seen at the cryptic heptamer, although both hairpin and nicked structures were observed under the Mn 2ϩ condition (data not shown). When HMG1 was added to the reaction mixture, nicking at the cryptic site decreased and a band representing DNA nicked at the distal end of 7mer began to appear.
In the experiments previously reported by others (34), 23-RSS DNA was nicked correctly by RAG1-RAG2 even in the absence of HMG1. To examine the discrepancy with the present result, we prepared various 23-RSS substrates with different lengths of flanking sequences (Fig. 2) . When we shortened the 5Ј sequence from 96 to 60 bp and the 3Ј sequence from 19 to 12 bp, the amount of nicking at the correct site appeared almost equal to that for the cryptic site, in the absence of HMG1 ( Fig. 2A and B) . When we further trimmed the 5Ј side to 19 bp, almost all the 23-RSS substrate was nicked correctly in the absence of HMG1 and nicking at a cryptic site disappeared completely (Fig. 2c) . These results indicate that HMG1 is not required for in vitro nicking of shorter 23-RSS substrates. darker, but also migrated slower in the gel, suggesting that the HMG1 protein formed a higher-order complex with RAGbound RSS or caused a conformational change of the complex. This supershift induced by the HMG1 protein was also examine the nicked products (Fig. 3C ). In the faster migrating band, 23-RSS DNA was nicked more frequently at the cryptic detected for the 12-RSS substrate (Fig. 3A) .
In order to compare the structures of 23-RSS in two shifted site than at the correct 7mer, while in the slower migrating band, DNA was nicked mostly at the correct site, i.e. the bands (indicated by arrows in Fig. 3B ), DNA was eluted separately from the lane for 1 µg/ml of HMG1. The samples coding border of the 7mer. Detection of both types of nicking products in the faster migrating bands is probably due to the were electrophoresed in a denaturing polyacrylamide gel to Fig. 1 were incubated with 0-4 µg/ml of HMG1 and 10 µg/ml of RAG proteins. The complexes were separated in 3.5% polyacrylamide gels. Two types of RSS-RAG complexes were detected (indicated by arrows). DNA was eluted separately from the faster and the slower migrating 23-RSS-RAG complexes (in the lane of 1 µg/ml HMG1), and electrophoresed in an 8% denaturing polyacrylamide gel (C). Open and closed arrows indicate DNA fragments nicked at the 7mer coding border (➀) and the cryptic site (➁) in the Jκ1 23-RSS, respectively. Fig. 1 , were analyzed by the methylation-interference assay. Uracil-interference assay was performed with the bottom strands of 23-and 12-RSS (C). Partially Gmethylated or T-uracylated DNA samples were complexed with the RAG1 and RAG2 proteins in the presence or absence of HMG1. Complexes were electrophoresed in 3.5% polyacrylamide gels, and DNA was eluted separately from the gel slices containing the bands of unbound and shifted RSS DNA. Samples were chemically cleaved and applied on 8% denaturing polyacrylamide gels along with G-reacted marker DNA. Asterisks indicate interfered residues in the RSS-RAG complex regardless of HMG1. Residues are indicated by crosses (ϩ), when the levels of interference differ before and after the addition of HMG1. Open and filled triangles for the top strand indicate RAG-mediated nicking at the correct and cryptic sites respectively. Heptamer ('7') and nonamer ('9') signals are indicated. Broken lines are cryptic heptamer regions in the spacer of 23-RSS. dissociation of HMG1 from the supershifted complex after strands. G-reacted markers and unbound DNA samples were also separated in the same gel. nicking. Although a correlation between the supershift and correct nicking is not evident, binding of HMG1 to the RSSIn the bottom strand of 23-RSS (Fig. 4A) , strong interference was detected at the second position G (indicated by asterisk) RAG complex appears to be necessary for nicking at the correct site in the 23-RSS substrate.
Fig. 4. Methylation-and uracil-interference analyses of the RSS-RAG interaction. Structural changes of the RSS-RAG complex were studied before and after the addition of HMG1. Both strands of the Jκ1 23-RSS (A) and the Vκ21C 12-RSS (B), illustrated in
in the 9mer signal, regardless of HMG1. In the 7mer region, the third position G (indicated by ϩ) was weakly interfered HMG1 induces the change of interaction between 23-RSS when HMG1 was added to the complex, suggesting that and RAG proteins HMG1 created a new interaction at the residue. It is interesting that the same interference is seen in the 7mer of the 12-RSS, The nicking experiment described above indicated that HMG1 induces an alteration in the structure of the 23-RSS-RAG regardless of HMG1 (Fig. 4B ). In the top strand of the 23-RSS (Fig. 4A) , strong signals were detected for nicking by complex so that the 23-RSS substrate is nicked correctly at the 7mer rather than at a cryptic site within the spacer.
the RAG proteins at a cryptic site (c) and at the coding border of 7mer (x). At a G residue in the spacer region In order to study whether HMG1 indeed changes specific interaction between 23-RSS and RAG proteins, we have proximal to the 9mer, the band became fainter when the HMG1 protein was added. This interference indicates a analyzed the RAG-RSS complex by the methylation-and the uracil-interference assays. For the methylation-interference conformational alteration at this position induced by HMG1, which may be responsible for enhancing the interaction assay (45), RSS DNA was partially methylated with dimethylsulfate, and complexed with the RAG proteins in the presence between 23-RSS and RAG proteins. In the 12-RSS (Fig. 4B) , five G residues indicated by asterisks were interfered in or absence of HMG1. DNA was eluted from the gel, treated with piperidine and electrophoresed in a DNA sequencing the RSS-RAG complex. However, these interferences were detected regardless of HMG1, indicating that no structural gel. RAG-bound DNA samples with or without HMG1 are compared for both the bottom (Fig. 4A) and the top (Fig. 4B) changes were induced by HMG1 in the case of 12-RSS.
In the uracil-interference experiment (Fig. 4C) , T residues were partially substituted with dUTP and examined for the interference in binding of RSS and RAG proteins. In this assay, T residues, if involved in the protein-DNA interaction, are detected as fainter bands, when they are compared with the unbound sample (44) . In the 23-RSS substrate (Fig. 4c) , interference was evident in the 9mer region, at the first, third and fourth positions (indicated by asterisks) regardless of HMG1. Interference at the fifth position (indicated by ϩ) was seen only when HMG1 was absent. A similar observation was made for the seventh position T in the cryptic 7mer. In contrast, the band of the second position T in the cryptic 7mer became darker in the bound sample when HMG1 was absent. These results reveal that HMG1 causes the changes of interactions with RAG proteins at specific residues of 23-RSS both in the 7mer and in the cryptic nicking regions.
Effects of base substitutions at a cryptic nicking site
In order to examine whether the nicking at a cryptic site occurs independent of the sequence, we introduced base substitutions in the cryptic 7mer, TACTCCA, which is remotely related to the consensus sequence, CACAGTG (Fig. 5) . Since the cryptic 7mer does not apparently resemble the signal sequence, it was first thought that the secondary nicking would take place at a site 12 ϩ 7 nucleotides from the 9mer, regardless of the surrounding sequence. When we tested a sequence, ATGAGGT (Mut 1), for the cryptic site, the secondary nicking was not seen in the absence of HMG1. In contrast, when we changed the cryptic site sequence to more similar to the consensus 7mer, CACTCCA (Mut 2) or ACGCGTG (Mut 3), secondary nicking occurred even in the presence of HMG1. With these substrates, Mut 1, Mut 2 and Mut 3, nicking at the correct site was seen only when HMG1 was present. Interestingly, when the cryptic site sequence was changed to the signal sequence itself, CACAGTG (Mut 4), nicking indicate that the shift of the gel mobility does not necessarily correlate with the shift of the nicking site.
HMG1 is still necessary for coordinated double-strand cleav-
plex. As shown in Fig. 6 , HMG1 is still necessary for the age even after nicking of 23-RSS double-strand cleavage in the coordinated reaction satisfying the 12/23 rule. Our data described above demonstrated that HMG1 is required for correct nicking of 23-RSS, while 12-RSS is nicked correctly with the RAG proteins even without HMG1. It has Discussion been reported that HMG1 is necessary for the coordinated double-strand cleavage reaction satisfying the 12/23 rule
In the present study we have analyzed the effect of the DNAbending protein, HMG1, on the interaction between RSS and (34, 35) . In order to test whether pre-nicking of 23-RSS can remove the requirement of HMG1 from the coordinated RAG proteins. It was shown that the mouse Jκ1 23-RSS was nicked at a cryptic site 12 ϩ 7 nucleotides from the 9mer in cleavage reaction, we examined coordinated double-strand cleavage using a pre-nicked substrate. The pre-nicked 23-the absence of HMG1. No nicking was seen at the coding border of the 7mer signal. When HMG1 was added, nicking RSS at the 7mer was paired with labeled 12-RSS with and without HMG1, and then cleaved with the RAG1-RAG2 comwas shifted from the cryptic site to the correct site, i.e. the that HMG1 causes conformational changes of the 23-RSS so that RAG proteins can access to the correct nicking site of the 7mer. It should be noted that no alteration was found with the interference pattern of the 12-RSS-RAG complex after the addition of HMG1. In our experiment, the 23-RSS appeared to be recognized as if it were a 12-RSS by the RAG proteins when HMG1 was not present: nicking took place at a cryptic site 12 ϩ 7 nucleotides from the 9mer. Although the cryptic heptamer (TACTCCA) is only remotely related to the consensus 7mer (CACAGTG), the sequence at the cryptic site appears to be still important (Fig. 5) .
It is yet to be clarified why this sequence was recognized as a nicking site by the RAG1-RAG2 complex in the absence of HMG1. HMG1 was shown to be necessary not only for the nicking of the 23-RSS at the correct site, but also for the coordinated double-strand breakage satisfying the 12/23 rule (Fig. 6) . With regard to the stage of establishment of the 12/23 rule, two possibilities have been considered: (i) at the step of the synaptic complex formation (39) and (ii) at the hairpin forma- without HMG1 (Fig. 6) . It was found that HMG1 was still needed for the coordinated reaction even when the prenicked 23-RSS was used. HMG1 is probably needed for the synaptic complex formation, since the conformation of 23-coding border (Fig. 1) . These observations indicate that in the absence of HMG1 the 23-RSS is recognized by RAG RSS is expected to be similar to that of 12-RSS in the absence of HMG1. The synaptic complex following the 12/23 rule may proteins as if it were the 12-RSS. In contrast to our observation, van Gent et al. (34) reported that the RAG proteins alone be formed only when the conformation of the 23-RSS-RAG complex has been changed from the 12-RSS type to the 23-introduced a nick correctly at the 7mer in the same Jκ1 RSS in the absence of HMG1. We noticed that the substrate used RSS type with the aid of HMG1. In the present study, we analyzed the RSS-RAG complex by the methylation-and in their study (34) contained relatively shorter flanking regions on both sides of the RSS, while our substrate contained longer uracil-interference assays. We have detected the shift of interference from the cryptic 7mer to the natural 7mer region. flanking sequences. By analyzing Jκ1 substrates with different lengths (Fig. 2) , it was confirmed that 23-RSS with shorter This is the first demonstration of the HMG1-induced interaction change between the 23-RSS and RAG proteins at the level flanking regions (Ͻ20 bp) were indeed nicked at the coding border of the 7mer even without HMG1. It appears that the of nucleotides. More precise structural analysis of the RSS-RAG complex will shed light on the molecular bases of the conformation of 23-RSS, when flanked by relatively longer sequences may need to be changed, so that it can be nicked 12/23 joining rule and on the possible roles of HMG1 in V(D)J recombination. correctly. Although the exact nature of this conformational change induced by HMG1 is yet to be clarified, DNA unwinding may be one possibility: shorter DNA may unwind by itself without the aid of HMG1.
HMG1 protein (46, 47) . In our uracil-interference assay of the bottom strand of 23-RSS, RSS-RAG interactions in the cryptic 7mer region disappeared when HMG1 was added (Fig. 4C) . In the methylation-interference assay of the bottom strand of Abbreviations 23-RSS, interference at the third position G in the 7mer signal EMSA electrophoretic mobility shift assay newly appeared when HMG1 was added (Fig. 4A ). This HMG high mobility group protein interference was constantly observed in the 7mer of 12-RSS RAG recombination activating gene RSS recombination signal sequence regardless of HMG1 (Fig. 4B) . These results may indicate by complex formation with XRCC4 protein in mammalian cells.
